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SİLİKALİT-1 İÇİNDE NDMA DİFÜZYONUNUN  
MOLEKÜLER DİNAMİK SİMÜLASYONLARI 
 
ÖZET 
 Nitrozoaminler gıdalarda, alkollü içeceklerde, sigara dumanında, toprakta ve 
içme suyunda tespit edilmiştir. Yakın dönemde yapılan araştırmalar nitrozoaminlerin 
ve özellikle nitrozodimetilaminin (NDMA) yüksek derecede kanserojen olduğunu 
ortaya koymaktadır. NDMA su işleme tesislerinden ve çeşitli endüstrilerde yan ürün 
olarak çevreye salınmaktadır. Kullanılmakta olan yöntemler NDMA kirliliğinin 
önlenmesinde yeterli olmamaktadır. Son zamanlarda suyun organik kirleticilerden 
temizlenmesi için Silikalit-1 gibi hidrofobik zeolitlerle adsorpsiyon uygun bir 
yöntem olarak gösterilmektedir. Difüzyon katsayısının bilinmesi böyle bir işlemin 
fizibilitesi ve tasarımı açısından önemlidir. Mevcut kaynaklarda hidrofobik 
zeolitlerde NDMA difüzyonuyla ilgili veri bulunmamaktadır. 
 NDMA için Silikalit-1 içinde 298-600 K aralığında değişen sıcaklıklarda, 
birim hücreye 2 ve 3 molekül yük ile COMPASS kuvvet alanı ve Materials Studio 
programının Discover modülü kullanılarak moleküler dinamik simulasyonlar 
yapılmış ve difüzyon katsayıları elde edilmiştir. Silikalit-1 içinde metan ve amonyak 
difüzyonu simülasyonları yapılarak simülasyon parametreleri kontrol edilmiş, 
literatürdeki deneysel ve hesaplamalı sonuçlarla uygunluk sağlanmıştır. Belirtilen 
sıcaklık aralığında NDMA için Silikalit-1 içinde difüzyon katsayıları 0.3-4.0×10-
10m2/s aralığındadır. 
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MOLECULAR DYNAMICS SIMULATIONS OF  
NDMA DIFFUSION IN SILICALITE-1 
 
ABSTRACT 
 Nitrosoamines have been identified in foods, alcoholic beverages, cigarette 
smoke, soil and drinking water. Recent research has shown that nitrosoamines and 
particularly N-nitrosodimethylamine (NDMA) are highly carcinogenic. NDMA is 
released into the environment from water treatment plants and as a by-product from 
various industries. Conventional methods fall short in the treatment of NDMA 
pollution. Adsorption by hydrophobic zeolites, such as Silicalite-1, has recently been 
shown to be especially suitable for the removal of some organic pollutants from 
water. Knowledge of the diffusion coefficient is important for evaluating the 
feasibility of such a process and for design purposes too. Unfortunately there is no 
data reported in the literature regarding the NDMA diffusivity in hydrophobic 
zeolites. 
 Molecular dynamics simulations using COMPASS force field and Discover 
module of Materials Studio software have been employed to determine the self 
diffusion coefficients of NDMA in Silicalite-1 at different temperatures in the range 
of 298-600 K, at loadings of 2 and 3 molecules per unit cell.  Simulations of methane 
and ammonia diffusion in Silicalite-1 were utilized to check the simulation 
parameters and to achieve compatibility with experimental and simulation results 
previously reported in the literature. The diffusion coefficients for NDMA in 
Silicalite-1 were estimated to be in the range of about 0.3-4.0×10-10m2/s in the 
temperature range studied. 
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1. INTRODUCTION 
1.1  Silicalite-1 
 Silicalite-1 is the all-silica analogue of the MFI structure, originally discovered as 
the zeolite ZSM-5. ZSM-5 family of zeolites is among the most important of the 
synthetic zeolites with their distinctive features like high thermal stability and 
hydrophobic/organophilic adsorptive properties. The Si/Al ratio ranges from 20 to 30 
in a typical ZSM-5 and goes to infinity in Silicalite. It is mainly the low aluminum 
content, rather than the framework structure, which is responsible for the 
hydrophobic nature of these materials. In addition to its proven applications in the 
petrochemical industry, Silicalite has attracted attention as a potential adsorbent for 
the selective removal of organics from dilute aqueous solutions such as chlorinated 
volatile organic compounds (VOC), and methyl tert-butyl ether (MTBE) in water [1]. 
 A Silicalite unit cell, which can be seen in Figure 1.1, is composed of 96 
tetrahedral (SiO2) units. The unit cell contains two straight channels and two 
sinusoidal channels with two channel intersections. The channels consist of ten-
membered oxygen rings. The elliptical cross section of the straight channels is about 
5.7-5.8×5.2-5.2 Å while the sinusoidal channels have a nearly circular cross section 
of diameter 5.4 Å. The length of the straight channels is equal to the cell dimension y 
(~19.8 Å) while the x and z dimensions are 20.06 Å and 13.36 Å, respectively. The 
framework density is about 1.8 g/cm3 and the specific micropore volume is about 
0.19 cm3/g. 
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x 
z 
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Fig. 1.1 A Silicalite-1 super cell composed of two unit cells in the z direction 
demonstrating a) straight channels, b) sinusoidal channels and c) a side view. 
1.2  NDMA 
 Nitrosoamines have been known for over a hundred years, but the discovery of 
the carcinogenic effect of N-nitrosodimethylamine (NDMA) on mice by John Barnes 
and Peter Magee in 1956 resulted in an increased interest in this group of 
compounds. It was found that 90% of these 300 compounds were carcinogenic [2]. 
Experiments on mice indicated that NDMA, independent from the way of 
penetration, causes liver, lung and kidney cancer on adults and liver and lung cancer 
on young specimens fed with milk from mothers exposed to NDMA. Other 
experiments on guinea pigs, rabbits, ducks, frogs, newts and different types of fish 
have also shown the carcinogenic character of NDMA [3]. At present it is known that 
nitrosoamines and particularly NDMA are highly carcinogenic, mutagenic and 
teratogenic [2]. The US Environmental Protection Agency (EPA), regarding the 
results on animals, placed these compounds into the group B2, which indicates the 
compounds of probable carcinogens in human [3] and defined the maximum 
admissible concentration of NDMA in drinking water at 7 ng/L [4,5]. 
a) 
a 
b 
c 
c) 
b) 
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 Recently, nitrosoamines have been identified in foods, alcoholic beverages, 
cigarette smoke, soil and drinking water [3]. NDMA is released into the environment 
as a by-product from various industries, such as the manufacture of pesticides, rubber 
tires, alkylamines and dyes [6]. Some of the NDMA detected in drinking water also 
may have been formed in water treatment plants or distribution systems, especially if 
chloramines were used as the primary disinfectant [7,8]. 
 
Fig. 1.2 The structural formula of N-nitrosodimethylamine. 
 NDMA, the structural formula of which is shown in Figure 1.2, is a yellow, 
volatile and oily liquid, which is characterized by its low viscosity. It is highly 
soluble in water, alcohols, ethers and other organic solvents as well as in fat. NDMA 
is a flammable compound. Its boiling point is 152oC (425 K), its molecular weight is 
78.08 g/mol and its partition coefficient in octanol/water (log Ko/w) is 0.57. 
1.3  Treatment of NDMA Pollution 
 NDMA is not removable from water by air stripping, activated carbon 
adsorption, reverse osmosis or biodegradation [9].  It is degraded extremely slowly 
by ozone [10]. Currently the most common process for NDMA removal is UV 
irradiation, but the UV dose required for 90% removal of NDMA is about 1000 
mJ/cm2, approximately 10 times higher than that required for virus inactivation [11]. 
Therefore, NDMA removal using UV irradiation is expensive. 
1.4  Purpose of the Study 
 Adsorption by Silicalite-1 is a potential solution to prevent NDMA from 
polluting the environment. Knowledge of the diffusion coefficient is important for 
evaluating the feasibility of developing a process and for design purposes. 
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Unfortunately, there is no experimental or theoretical data reported in the literature 
regarding the NDMA diffusivity in hydrophobic zeolites. The purpose of this study 
is to estimate the diffusion coefficient of NDMA in Silicalite-1 at various 
temperatures and NDMA loadings. 
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2. METHOD 
 Molecular Dynamics (MD) simulations are performed using the Discover 
module of Materials Studio [12]. Both the system description and properties being 
analyzed depends strongly on the COMPASS forcefield. 
2.1 Forcefield 
 COMPASS stands for Condensed-phase Optimized Molecular Potentials for 
Atomistic Simulation Studies. COMPASS is an ab initio forcefield that has been 
parameterized and validated using condensed-phase properties in addition to various 
ab initio and empirical data for molecules in isolation. The COMPASS forcefield 
includes all bonded and non-bonded interaction terms in the system. 
 The bonded terms describe intermolecular bond stretching, bend angles, 
torsion angles and inversion angles. COMPASS also includes cross-coupled energy 
terms that describe the effects of internal energy components, such as bond-bond, 
bond-angle, bond-torsion terms. The cross-coupling effect is important for the 
description of vibrational frequencies and structural changes of the molecules. 
 The non-bonded terms include a 6-9 Lennard-Jones potential for the van der 
Waals interactions, and a Coulombic term for the electrostatic interactions. The 
electrostatic term is: 
!
>
=
ji ij
ji
elec
r
qq
E         (2.1) 
 The net partial charge for atom i (qi), is the sum of all bond increments over 
all atoms bonded to this atom: 
!=
j
ijiq "          (2.2) 
 The van der Waals interaction uses the Lennard-Jones 6-9 function: 
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 The non-bonded terms are used for interactions between pairs of atoms that 
are separated by two or more intervening atoms and for atoms that belong to 
different molecules.  
 The analytic expressions used to represent the energy surface are shown 
below: 
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 The COMPASS forcefield employs quartic polynomials for bond stretching 
(Term 1) and angle bending (Term 2), a three-term Fourier expansion for torsions 
(Term 3). The out-of-plane (inversion) coordinate (Term 4) is defined according to 
Wilson et al., (1980). All the crossterms up through third order that have been found 
to be important (Terms 5-11) are also included. Term 12 is the Coulombic interaction 
between the atomic charges and Term 13 represents the van der Waals interactions, 
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using an inverse 9th-power term for the repulsive part rather than the more 
customary 12th-power term.  
2.2   Molecular Dynamics Simulations 
 Computer simulations provide a direct route from the microscopic details of a 
system to macroscopic properties. The main step of computer simulations is to 
develop a model for the physical system of interest. The method of solution or the 
algorithm is selected and finally the parameters are changed on different runs to 
simulate the experiments under different conditions. 
 Molecular Dynamics (MD) is one of the most important and widely used 
simulation techniques. MD method is mostly used for time-dependent processes to 
observe dynamics properties. The dynamic properties of interest, e.g. diffusivity, are 
calculated as time averages over the trajectories. In MD simulations, the structure, 
energetics and properties of organic, inorganic, organometallic and biological 
systems are predicted by the use of the forcefield. 
2.2.1  Geometry Optimization / Minimization 
 Before starting a simulation, the system being examined should go under 
optimization or minimization with respect to potential energy. During minimization, 
the forces on the atoms are computed and their positions are changed to minimize the 
interaction energies. The optimization of a structure is a two step process: 
 Energy evaluation: The energy expression must be defined and evaluated for a 
given conformation. Energy expressions which include external restraining terms, to 
bias the optimization, may be defined in addition to the energy terms. 
 Conformation adjustment: The conformation is adjusted to reduce the value of 
the energy expression. A minimum may be found after one adjustment or may 
require many thousands of iterations, depending on the nature of the algorithm, the 
form of the energy expression, and the size of the structure.  
 Therefore, the efficiency of the optimization is judged by both the time needed to 
evaluate the energy expression and the number of iterations needed to converge to 
the minimum. 
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 The Smart Minimizer tool of the software is utilized, which starts with the 
steepest descent method, followed by the conjugate gradient method and ends with a 
Newton method.  
 At the beginning of the minimization process, steepest descent is the method 
most likely to converge. It will quickly reduce the energy of the structure during the 
first few iterations. However, convergence will slow down as the gradient 
approaches zero.  
 At this point, conjugate gradient takes over and improves the line search direction 
by storing information from the previous iteration. It is the method of choice for 
systems that are too large for storing and manipulating a second-derivative matrix. 
The time per iteration is longer than for steepest descents, but this is compensated by 
the efficient convergence. In conjugate gradient, 1+ih , the new direction vector 
leading from point 1+i  is computed by adding the gradient at point 1+i , 1+ig  to the 
previous direction ih  scaled by a constant i! : 
iiii hgh !+= ++ 11         (2.5) 
where 
i
!  is a scalar that can be defined in two ways. In the Polak-Ribiere method, 
i
!  is defined as: 
( )
ii
iii
i
gg
ggg 11 ++ !="         (2.6) 
 In the Fletcher-Reeves method, which is the chosen algorithm for conjugate 
gradient in this study, 
i
!  is defined as: 
ii
ii
i
gg
gg 11 ++=!          (2.7) 
 For the final steps of minimization, Newton method is used because it is very 
efficient near the energy minimum although it has a small convergence radius. 
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2.2.2  Dynamics 
 Molecular dynamics solves the classical equations of motion for a system of N 
atoms interacting according to a potential energy forcefield. Starting from Newton’s 
familiar equation of motion, which is: 
( ) ( )tamtF iii =         (2.8) 
where iF  is the force, im  is the mass, and ia is the acceleration of atom i. The force 
on atom i can be computed directly from the derivative of the potential energy V 
with respect to the coordinates 
i
r : 
2
2
i
i
i
i t
r
m
r
V
!
!
=
!
!
"         (2.9) 
 Variants of the Verlet algorithm of integrating the equations of motion are widely 
used in molecular dynamics simulations. The advantages of Verlet integrators are 
that these methods require only one energy evaluation per step, only modest memory 
and also allow a relatively large time step to be used. Velocity Verlet algorithm was 
employed for the numerical integration of motion during the simulations. The Verlet 
velocity algorithm is as follows: 
( ) ( ) ( )
( )
2
2
tat
ttvtrttr
!
+!+=!+       (2.10) 
( )
( )
m
ttf
tta
!+
=!+         (2.11) 
( ) ( ) ( ) ( )[ ]ttatattvttv !++!+=!+
2
1      (2.12) 
where ( )tr , ( )tv  and ( )ta  are the position, velocity, and acceleration at time t, 
respectively. 
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 An important parameter in the integration algorithms is the integration timestep 
t! . A large timestep should be used to make the best use of the computer time. 
However, if the timestep is too large, it may lead to instability and inaccuracy in the 
integration process. 
 The size of the system is limited by the computational resources, namely the 
storage space and the speed of the simulation engine. The calculations have to be 
limited to a fixed number of neighbors of a particle. This limitation can be avoided 
by implementing periodic boundary conditions (Figure 2.1). For crystals such as 
zeolites, the simulated system is replicated to form an infinite lattice. The number of 
particles and the volume remain constant throughout the simulation and no surface 
effect is present. 
 
Fig. 2.1 Periodic Boundary Conditions 
 For the computation of non-bond energies in periodic systems, the Ewald 
summation method [13] is utilized. Crystalline solids are the most appropriate 
candidates for Ewald summation, partly because the error associated with using 
cutoff methods is much greater in an infinite lattice. The Ewald method for 
improving convergence is to multiply a general lattice sum: 
!
""
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S
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by a convergence function ( )r! , which decreases rapidly with r. To preserve 
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equality, one must add a term equal to the product of ( )r!"1  to the lattice sum: 
( ) ( )( )
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 The first term converges quickly, because ( )r
m
!  decreases rapidly. 
 Different statistical ensembles can be generated depending on which state 
variables (the energy E, enthalpy H, number of particles N, pressure P, stress S, 
temperature T, and volume V) are kept fixed. A variety or structural, energetic and 
dynamic properties can then be calculated from the averages or the fluctuations of 
these quantities over the ensemble generated. The constant-volume, constant-
temperature ensemble, also known as the canonical ensemble, is utilized in the 
simulations. 
 The simulations are performed according to the selected methods and parameters. 
The length of a trajectory, which is the coordinates and velocities for a complete 
dynamics run, depends on the time variation of the property to be calculated. If the 
property is a slowly varying function, the dynamics integration should be extended to 
cover several periods. The results of dynamics simulations are saved in trajectory 
files, which can be used for the analysis. 
2.2.3  Analysis 
 Self-diffusion coefficients were calculated from the Einstein relationship [14], 
which can be stated as: 
( ) ( )!
=
"#
$=
aN
i
ii
t
a
a rtr
dt
d
N
D
1
2
0lim
6
1      (2.15) 
where aN  is the number of diffusing particles of type a , ( )0ir  and ( )tri  are the 
initial and final positions of the center of mass of particle I over the time interval t, 
and ( ) ( )20
ii
rtr !  is the averaged mean-square displacement (MSD) of the 
ensemble. 
 
12 
 In the generalized Einstein formula: 
a
Ctr =
2          (2.16) 
 C is a constant and a  is also a constant obtained by computing the slope of the 
theoretically linear relationship ln(MSD) vs. ln(t). If a  equals one, the ideal Einstein 
relationship corresponding to the normal diffusion case can be used when estimating 
the diffusion coefficient. The relationship between the MSD and the diffusivity 
depends on the dimensionality of the system. For a k dimensional system, the 
relation will be: 
( ) kDttr 22 =         (2.17) 
 For an isotropic diffusion in a 3 dimensional system: 
( ) Dttr 62 =          (2.18) 
 To sum up and provide a direct correlation between the MSD and the diffusion 
coefficient, the Einstein relationship can be written as: 
( ) ( )( )
t
MSD
rtr
t
D
t !
="=
#$ 6
1
0lim
6
1 22       (2.19) 
 This equation provides a direct correlation between the diffusivity and the time 
dependence of the mean square displacement. Therefore, the MSD vs. time plot leads 
to a slope which will give the diffusion coefficient when divided by 6. 
2.3   System Setup  
 A Silicalite-1 super cell composed of two unit cells in the c direction was 
generated. On the other hand, diffusing molecules were subjected to geometry 
optimization using the DMol3 module of the software. Molecules were placed at the 
intersections between the straight and sinusoidal channels. The energy of the system 
was minimized that a local minimum energy is reached. The iterations for energy 
minimization can be seen in Figure 2.2.  
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Fig 2.2 The energy vs. iteration plot of the minimization step. 
 After the energy minimization, the NVT ensemble was performed. Three-
dimensional periodic boundary conditions were included and the long-range 
electrostatic interactions were calculated by Ewald summation method [13]. 
Silicalite-1 framework was flexible during the simulations resulting in more accurate 
results compared to possible fixed framework assumption. The positions and 
velocities of the molecules, energy and temperature data for the system were stored. 
The energy and temperature of the simulation box during the simulation can be seen 
in Figure 2.3. 
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Fig 2.3 Energy and temperature of the simulation box vs. simulation time. 
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 Following the NVT simulations, the mean square displacement (MSD) of the 
diffusing molecules was analyzed to calculate the self-diffusion coefficients from the 
Einstein’s relation [14]. The plot of the MSD vs. simulation time can be seen in 
Figure 2.4. 
 
Fig 2.4 The plot of the MSD vs. simulation time. 
 The selected simulation method was first verified by performing simulations on 
molecules, the diffusivities of which were examined either experimentally or 
theoretically and have been previously reported in the literature. Following the 
simulations for the CH4 - Silicalite-1 system, detailed simulations considering the 
alumina content of the framework were performed for NH3 molecules in Silicalite-1.  
 For the target system of NDMA – Silicalite-1, initially 6 NDMA molecules (3 
molecules per unit cell) were placed at the intersections between the straight and 
sinusoidal channels as can be seen in Figure 2.5.  
 Molecular dynamics simulations were performed at temperatures of 298 K, 420 
K, 500 K and 600 K. Simulation times of 500 to 1500 ps were allowed. With 
simulation times exceeding 500 ps, it was assured that the initial position of the 
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molecules did not affect the self-diffusion coefficients. The NVT simulations 
proceeded at a time step of 1.0 fs. 
 The effect of NDMA loading is also examined. 4 NDMA molecules (2 molecules 
per unit cell) were placed in the Silicalite-1 framework and NVT simulations are 
performed at 298 K. 
 
 
 
 
 
 
 
Fig. 2.5 The initial configuration of the simulation box for the NDMA – Silicalite-1 
system. 
 
 
17 
x 
z 
y 
x 
z 
y 
3. RESULTS & DISCUSSION 
 Simulations for the CH4 – Silicalite-1 system (Figure 3.1) were performed at 
420 K. Utilizing flexible framework, a diffusion coefficient of 2.50×10-8m2/s was 
estimated which is in good agreement with the experimental result reported in 
literature [15], 1.17×10-8m2/s at 446 K. 
 
Fig. 3.1 Initial configuration of the simulation box for the CH4 – Silicalite-1 system. 
 Simulations for the NH3 – Silicalite-1 system are performed with the initial 
configuration as seen in Figure 3.2.  
 
Fig. 3.2 Initial configuration of the simulation box for the NH3 – Silicalite-1 system. 
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 The diffusion coefficient estimated for the pure-silica form of Silicalite was 
3.863×10-8m2/s. There is more than an order of magnitude difference between this 
value and the previous experimental results in the literature [16]. Since NH3 is a 
basic molecule, it was predicted that this difference could have resulted from the 
impurities in the Silicalite framework used for the experiments in the literature. 
Therefore, alumina substitution in the framework was considered. Silicon atoms 
were replaced with aluminum atoms and an extra-framework cation, Na+ was placed 
in the structure (Figure 3.3). The diffusion coefficient for NH3 in Silicalite was 
estimated as 5.307×10-9m2/s for the aluminum substituted Silicalite (0.5 Al/u.c.). The 
consequence of aluminum substitution and the addition of extra-framework cation 
Na+, which increase the polarity of the framework, led to more than an order of 
magnitude difference in the estimated values. The diffusion coefficient for the 
system of NH3 – Silicalite-1 were found in the literature [16] as ∼2×10-9m2/s by 
quasi elastic neutron scattering (QENS) and ∼1.7×10-10m2/s by pulsed field gradient 
nuclear magnetic resonance (PFG-NMR) at 420 K. The QENS and PFG-NMR 
results found in the literature are in good agreement with the findings of our 
simulations performed for the aluminum substituted system obtained at the same 
temperature of 420 K. The effect of the simulation box was tested by doubling the 
size, thus by forming a simulation box of four unit cells containing two aluminum 
atoms. The estimated value of diffusivity in this case was 5.897×10-9m2/s showing 
the effect of the simulation box to be negligible. 
 
Fig. 3.3 Alumina substituted framework and the extra-framework cation. 
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The simulation results and previous data in literature on NH3 diffusion in 
Silicalite-1 are summarized in Table 3.1. All simulations were performed with 3 
ammonia molecules per unit cell. 
Table 3.1 Estimated diffusion coefficients for NH3 diffusion in Silicalite-1. 
  D (×10-9m2/s) 
pure-silica 38.63 
1 Al in 2 unit cells 5.307 Simulation results 
2 Al in 4 unit cells 5.897 
QENS ~2.0 Experimental results in 
literature [16] PFG-NMR ~0.13 
 
3.1  Effect of Temperature on the Diffusion Coefficient 
 The diffusion coefficients of NDMA diffusion in Silicalite-1 were estimated at 
the temperatures of 298 K, 420 K, 500 K and 600 K, at a constant NDMA loading of 
3 molecules per unit cell. The combined MSD vs. time graphs of these four 
simulations are given in Figure 3.4. The variation of the mean square displacement 
values with temperature can be seen on the figure.  
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Fig. 3.4 Influence of temperature on the mean square displacement of NDMA 
molecules in the temperature range of 298 – 600 K. 
 The slopes increased with increasing temperature, leading to higher diffusion 
coefficients as expected. Diffusion coefficient values obtained from the slopes of the 
plots are given in Table 3.2. 
Table 3.2 Estimated diffusion coefficients for NDMA at various temperatures. 
Temperature (K) D×10-10  (m2/s) 
298 0.328 
420 1.043 
500 1.431 
600 4.031 
 The variation of the diffusion coefficient with temperature is shown in Figure 
3.5. 
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Fig. 3.5 The variation of the estimated diffusion coefficients with the simulation 
temperature. 
 The activation energy is calculated from the following formula: 
! 
D = D
0
e
"
E
a
RT          (3.1) 
 The slope of the log D vs. 1/T plot corresponds to –Ea/R, where R is the gas 
constant, 8.314 J/mol K.  
-595.78 = -Ea/8.314 
Ea = 4953 J/mol = 4.953 kJ/mol 
 The activation energy of NDMA diffusion in Silicalite-1 is estimated as 4.953 
kJ/mol. 
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3.2  Effect of NDMA Loading on the Diffusion Coefficient 
 The effect of NDMA loading is tested using two different configurations. 
Simulations were performed for loadings of 1, 2 and 3 NDMA molecules per unit 
cell at 298 K. Figure 3.6 shows the variation of the MSD of molecules with loading 
for these three runs. 
 
 Fig. 3.6 The MSD vs. time plot for various NDMA loadings. 
 The diffusion coefficients obtained from this plot are shown in Table 3.3. 
Table 3.3 Estimated diffusion coefficients for NDMA at various loadings. 
Loading (NDMA/u.c.) D×10-10  (m2/s) 
1 1.526 
2 1.455 
3 0.328 
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 Decreasing the loading resulted in an increased diffusivity of NDMA in 
Silicalite-1 as can be seen in Figure 3.7. 
 
Fig. 3.7 The effect of NDMA loading on the diffusion coefficient. 
3.3 Effect of Temperature on the Channel Preference of NDMA Molecules 
 The effect of temperature on the channel preference of NDMA molecules could 
not be predicted. There was evidence of diffusion through the straight and/or 
sinusoidal channels at all temperatures. The initial positions, velocities and directions 
of the NDMA molecules had a great influence on the channel preference. This is also 
due to the fact that the molecules were placed at the intersections of straight and 
sinusoidal channels and they had the probability of moving in either direction. 
3.4 Effect of Alumina Substitution on the Diffusion Coefficient 
 The alumina substitution in the framework decreased the diffusivity as it was 
expected from the previous ammonia – Silicalite-1 simulations performed. The 
resulting MSD graph of the alumina-substituted run at 298 K can be seen in Figure 
3.8. 
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Fig. 3.8 The effect of alumina substitution in the framework. 
 A diffusion coefficient of 5.667×10-12m2/s is estimated with the alumina 
substituted framework, while the pure-silica framework resulted in a diffusion 
coefficient of 3.283×10-11m2/s. 
3.5 Effect of Water Presence on the Diffusion Coefficient 
 The effect of water presence in the system had an influence on the diffusivity of 
NDMA molecules. Simulations were performed at 298 K with 1 and 2 water 
molecules per unit cell while 3 NDMA molecules per unit cell were present. The 
resulting graph is shown in Figure 3.9. The diffusion coefficient increased with the 
water loading in the system. 
 
25 
Fig. 3.9 The effect of water presence on the diffusion coefficient. 
 The diffusion coefficients obtained from this plot are shown in Table 3.4. Water 
loading had a promoting effect on the NDMA diffusion in Silicalite-1. 
Table 3.4 Estimated diffusion coefficients for NDMA at various water loadings. 
Loading (H2O/u.c.) D×10-10  (m2/s) 
0 0.328 
1 1.238 
2 2.540 
 The results of all the simulations performed in this study are combined in Table 
A in the Appendix. 
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4. CONCLUSIONS 
 The simulations of ammonia diffusion at the validation stage and also NDMA 
diffusion clearly showed that decreasing the Si/Al ratio and the addition of extra-
framework cation Na+, which increases the polarity of the framework, led to a 
decrease in the diffusion coefficient. This is an important outcome for further design 
of an NDMA removal system because an alumina-free Silicalite is difficult to 
produce in practice. 
 The estimated values for NDMA diffusion in Silicalite-1 demonstrated the 
influence of temperature on the diffusion coefficient. There was an increase in the 
estimated diffusion coefficients with temperature, as expected. From the temperature 
dependence of the diffusion coefficient, the activation energy, Ea, was determined to 
be 4.953 kJ/mol. This estimate is understandible considering the activation energy 
calculated in the literature on helium diffusivity in Na-montmorillonite [17]. 
 The simulations on the loading effect showed clearly that increased loading 
resulted in decreased diffusivity. The diffusivity also showed an asymptotic 
behaviour with loading, converging to a value at the lowest loading of 1 NDMA/u.c. 
 The initial configuration of the system, meaning the initial positions of the 
NDMA molecules, was observed to have a strong effect on the diffusion path and the 
simulated diffusivity of the molecules.  
 NDMA molecules were observed to diffuse faster as the concentration of water 
in the system was increased. Therefore, it can be stated that the water presence in the 
system promoted the diffusion of NDMA molecules. This is important since the 
removal of NDMA from water or from systems containing water is desirable for 
future applications.    
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APPENDIX 
Table A Details of all simulation runs 
Molecule Temp 
(K) 
Simulation 
Box (u.c.) 
Si/Al 
Ratio 
Loading 
(molecules 
/ u.c.) 
H2O 
Content 
(molecules 
/ u.c.) 
Diffusivity 
(m2/s) 
CH4 298 2 ∞ 3 0 2.50×10-8 
NH3 420 2 ∞ 3 0 3.863×10-8 
NH3 420 2 191 3 0 5.307×10-9 
NH3 420 4 191 3 0 5.897×10-9 
NDMA 298 2 ∞ 1 0 2.527×10-10 
NDMA 298 2 ∞ 1 0 5.251×10-11 
NDMA 298 2 ∞ 2 0 1.278×10-10 
NDMA 298 2 ∞ 2 0 1.632×10-10 
NDMA 298 2 ∞ 3 0 3.283×10-11 
NDMA 420 2 ∞ 3 0 1.043×10-10 
NDMA 500 2 ∞ 3 0 9.092×10-11 
NDMA 500 2 ∞ 3 0 4.047×10-10 
NDMA 500 2 ∞ 3 0 6.233×10-11 
NDMA 500 2 ∞ 3 0 6.646×10-11 
NDMA 600 2 ∞ 3 0 2.117×10-10 
NDMA 600 2 ∞ 3 0 4.505×10-10 
NDMA 600 2 ∞ 3 0 5.470×10-10 
NDMA 298 2 191 3 0 5.667×10-12 
NDMA 298 2 ∞ 3 1 1.238×10-10 
NDMA 298 2 ∞ 3 2 2.540×10-10 
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Sample input file – minimization 
 
#BIOSYM btcl 3  
#  
#  Input File For Discover Generated By Materials Studio  
#  Input Client Model Document: C:\Documents and Settings\bilisim\My Documents\Materials 
Studio Projects\ndma_2 Files\Documents\MFI (2).xsd  
#  Job: [T03QO] - MFI (2) Disco Min 
#  
  autoEcho off  
#  
# Begin Forcefield Section  
  begin forcefield = compass 
#  
# Nonbond section:  
  forcefield nonbond \ 
      -separate_coulomb \ 
    vdw \ 
    summation_method = ewald \ 
      ewald_accuracy = 1.e-002 \ 
      update_width = 1.00 \ 
    coulomb \ 
    dielectric_value = 1.0000 
# End Forcefield Section 
# 
# Minimization Section: 
  minimize \ 
    method = newton \ 
    iteration_limit = 5000 \ 
         sd \ 
            convergence = 1000.0000000 \ 
            line_search_precision = 0.5000000 \ 
         cg \ 
            convergence = 10.0000000 \ 
            line_search_precision = 0.5000000 \ 
            method = fletcher \ 
         newton \ 
            convergence = 0.1000000 \ 
            line_search_precision = 0.5000000 \ 
            max_atoms = 200 \ 
            method = bfgs  
#  
# Write coordinate file:  
  writeFile coordinate filename = .cor 
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Sample output file – minimization 
 
 DISCOVER Molecular Simulation Program 
 
  Version:   2003.1 
  Build:     Nov 24 2003 
  Date:      Thu Nov 30 17:36:29 2006 
  Host Name: itu-2 
  Host Type: Windows NT 
  Threads:   1 
 
 
--------------------------------------------- 
Checked out license feature: MS_discover <v2003.09> [for 6096:80414:3:ISTANBUL TECHNICAL 
UNIVERSITY] (1 copy) 
 
--------------------------------------------- 
 
randomSeed is set to 900990 
 
Line   7:BTCL> autoEcho off  
 
--------------------------------------------------------------- 
Checked out license feature: MS_compass <v2003.09> [for 6096:80414:3:ISTANBUL TECHNICAL 
UNIVERSITY] (1 copy) 
 
--------------------------------------------------------------- 
 
INPUT FILES 
___________ 
 
File Type Name 
---------  ---- 
Forcefield C:\PROGRA~1\Accelrys\MSMODE~1.0\Discover\..\Data\Discover\res/compass.frc 
Molecular data MFI__2_.mdf 
Coordinate MFI__2_.car 
 
Periodic Boundary Conditions 
____________________________ 
 
  Length (A)  Angle (degrees) 
  ----------   --------------- 
 
  a 20.02200  alpha  90.00000 
  b 19.89900  beta   90.00000 
  c 26.76600  gamma  90.00000 
 
Warning: Minimize: The number of atoms in the system (642) exceeds the maximum number 
allowed for the Newton minimization method (200): 
Switching to Conjugate Gradient method. 
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MOLECULAR TOPOLOGY 
__________________ 
 
Number of molecules:       7 
Number of residues:       7 
Number of atoms:     992 (asymmetric unit: 642) 
Number of atom types:       9 
Number of bonds:     828 
Number of consolidated angles:   1632 
Number of consolidated torsions:     2388 
Number of bond_bond_1_3s:   2388 
Number of angle-angles:    2466 
Number of out-of-planes:          6 
 
 
FORCEFIELD OPTIONS 
__________________ 
 
Filename    : compass.frc 
Definition name    : cff91 
Version     : 2.6 
Last modification date   : 10/1/2001 
# of automatic parameters : 4 
 
NONBOND ENERGY EWALD PARAMETERS 
_______________________________ 
 
  Accuracy (kcal/mol) Update Width (A) 
 
vdW    0.01000000       1.00 
Coulomb    0.01000000       1.00 
 
Summation method for vdW : Ewald 
Summation method for Coulomb : Ewald 
Dielectric   : 1.00 
 
 
    Minimize: No convergence after 5000 iterations 
    maximum derivative              = 41.1899 
    Last method used                = Conjugate Gradient (Fletcher_Reeves) 
    Total number of iterations      = 5000 
    Total number of function calls  = 7845 
    CPU time used                   = 3035.48 seconds 
 
MINIMIZATION ENERGY SUMMARY 
___________________________ 
                                         Initial            Final 
                                         -------             ----- 
   Total Potential energy          -24745.733165    -33812.248439 
   Internal                          1240.953224       197.100347 
   bond                              1026.401171       297.136548 
   angle                              805.123890        615.691177 
   torsion                           -772.363769       -773.736067 
   out_of_plane                         0.000000          0.000000 
   cross                              181.791932        58.008689 
   bond_bond                          184.335526        58.974328 
   bond_angle                           1.523028          0.040357 
   end_bond_torsion                    -0.178088         -0.025570 
   middle_bond_torsion              -1.384786          0.099749 
   angle_torsion                       -0.653974         -0.803680 
   angle_angle_torsion                 -1.715944         -0.311966 
   bond_bond_1_3            0.000000          0.000000 
 
32 
   angle_angle                         -0.133832         0.035471 
   torsion_torsion                      0.000000          0.000000 
   oop_oop                              0.000000          0.000000 
   nonbond                         -25986.6863     -34009.348785 
   vdW                               7469.500299      -705.607884 
   vdW_repulsive                     9740.784850       747.115251 
   vdW_dispersive                   -2271.28455      -1452.723136 
   electrostatic                   -33456.1866     -33303.740901 
   hydrogenbond                         0.000000          0.000000 
 
Total time used by DISCOVER: 50 mins 35.89 secs (3035.89 secs) 
 
Completion date: Thu Nov 30 18:32:09 2006 
Exiting Discover: status OK. 
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Sample input file – dynamics 
 
#BIOSYM btcl 3  
#  
#  Input File For Discover Generated By Materials Studio  
#  Input Client Model Document: C:\Documents and Settings\bilisim\My Documents\Materials 
Studio Projects\ndma_2 Files\Documents\Min 1in1original\MFI (2) (2).xsd  
#  Job: [saved] - MFI (2) (2) Disco Dynamics 
#  
  set randomSeed 223101 
  autoEcho off  
#  
# Begin Forcefield Section  
  begin forcefield = compass 
#  
# Nonbond section:  
  forcefield nonbond \ 
      -separate_coulomb \ 
    vdw \ 
    summation_method = ewald \ 
      ewald_accuracy = 1.e-002 \ 
      update_width = 1.00 \ 
    coulomb \ 
    dielectric_value = 1.0000 
# End Forcefield Section 
# 
# Dynamics Section: 
  dynamics \ 
    time = 700000.00 \ 
    timestep = 1.00 \ 
    initial_temperature = 600.00 \ 
    ensemble = NVT \ 
    temperature_control_method = nose \ 
    q_ratio = 1.00 \ 
    temperature = 600.00 \ 
    deviation = 5000.00 \ 
    execute frequency = 1000.00 \ 
      command = {print history}  
 
 
34 
 
 
Sample output file – dynamics 
 
 DISCOVER Molecular Simulation Program 
 
  Version:   2003.1 
  Build:     Nov 24 2003 
  Date:      Thu Jan 18 13:14:37 2007 
  Host Name: itu-2 
  Host Type: Windows NT 
  Threads:   1 
 
 
--------------------------------------------- 
Checked out license feature: MS_discover <v2003.09> [for 6096:80414:3:ISTANBUL TECHNICAL 
UNIVERSITY] (1 copy) 
 
--------------------------------------------- 
 
randomSeed is set to 118877 
 
--------------------------------------------------------------- 
Checked out license feature: MS_compass <v2003.09> [for 6096:80414:3:ISTANBUL TECHNICAL 
UNIVERSITY] (1 copy) 
 
--------------------------------------------------------------- 
 
INPUT FILES 
___________ 
 
File Type Name 
---------  ---- 
 
Forcefield C:\PROGRA~1\Accelrys\MSMODE~1.0\Discover\..\Data\Discover\res/compass.frc 
Molecular data MFI__2___2_.mdf 
Coordinate MFI__2___2_.car 
 
Periodic Boundary Conditions 
____________________________ 
 
  Length (A)  Angle (degrees) 
  ----------   --------------- 
 
  a 20.02200  alpha  90.00000 
  b 19.89900  beta   90.00000 
  c 26.76600  gamma  90.00000 
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MOLECULAR TOPOLOGY 
__________________ 
 
Number of molecules:       7 
Number of residues:       7 
Number of atoms:     992 (asymmetric unit: 642) 
Number of atom types:       9 
Number of bonds:     828 
Number of consolidated angles:   1632 
Number of consolidated torsions:     2388 
Number of bond_bond_1_3s:   2388 
Number of angle-angles:    2466 
Number of out-of-planes:      6 
 
 
FORCEFIELD OPTIONS 
__________________ 
 
Filename    : compass.frc 
Definition name    : cff91 
Version     : 2.6 
Last modification date   : 10/1/2001 
# of automatic parameters : 4 
 
NONBOND ENERGY EWALD PARAMETERS 
_______________________________ 
 
  Accuracy (kcal/mol) Update Width (A) 
 
vdW    0.01000000       1.00 
Coulomb   0.01000000       1.00 
 
Summation method for vdW : Ewald 
Summation method for Coulomb : Ewald 
Dielectric   : 1.00 
 
MOLECULAR DYNAMICS 
__________________ 
 
Ensemble           :       NVT 
 
Temperature        :    600.00 K 
Control Method     :   Nose, Q =   3230640.00 kcal/mol*fs^2 
 
Timestep           :      1.00 fs 
Duration           : 700000.00 fs 
Integration Method : Velocity Verlet 
 
Initial Velocities :   Random Velocities from Boltzmann distribution 
Initial Temp.      :    600.00 K 
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Dynamics Summary 
________________ 
 
           Initial        Final      Average   Std. Dev.  
           -------        -----       -------    ---------   
 
Tot. energy (kcal/mol)  -32645.041   -31612.273   -31636.307      57.652 
Pot. energy (kcal/mol)  -33790.918   -32695.360   -32727.563      48.896 
Kin. energy (kcal/mol)    1145.877     1083.087     1091.256      46.136 
Temperature (K)            600.000      567.122      571.399      24.158 
Pressure (GPa)            1.433470     0.863947     0.750166    0.302466 
Volume (A^3)             10664.050    10664.050    10664.050       0.000 
Density (gm/cm^3)         1.8656       1.8656       1.8656      0.0000 
 
Time used by 700000 steps is 78 hours 1 mins 23.06 secs (0.401 secs per step) 
 
 
Total time used by DISCOVER: 78 hours 1 min 23.91 secs (280883.91 secs) 
 
Completion date: Sun Jan 21 19:35:50 2007 
Exiting Discover: status OK. 
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